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□ 1: P04196. Histidine-rich gl...[gi:123523] 



BLink, Domains, Links 



LOCUS P04196 525 aa linear PR I 15-JUN-2002 

DEFINITION Hist idine-r ich glycoprotein precursor (Hist idine-prol ine rich 

glycoprotein) (HPRG). 
ACCESSION P04196 
VERSION P04196 Gl : 123523 

DBSOURCE swissprot: locus HRG_HUMAN, accession P04 196; 
class: standard, 
created: Mar 20, 1987. 
sequence updated: Mar 20, 1987. 
annotation updated: Jun 15, 2002. 

xrefs: gi: 184391 , gi: 306888 , gi: 2280513 , gi: 2280514 , gi: 32453 , 
gi: 32454 , gi: 68793 

xrefs (non-sequence databases): SW I SS-2DPAGEP04 1 96 , MIM 142640 , 
InterProlPROOOOlO, PfamPF00031 , SMARTSM00043 
KEYWORDS Glycoprotein; Hepar in-binding; Repeat; Signal; Polymorphism. 
SOURCE Homo sapiens (human) 
ORGANISM Homo sapiens 

Eukaryota; Metazoa; Chordata; Craniata; Vertebrata; Euteleostomi ; 
Mammalia; Eutheria; Primates; Catarrhini; Hominidae; Homo. 
REFERENCE 1 (residues 1 to 525) 
AUTHORS KoideJ., Foster, D., Yoshitake,S. and Davie, E.W. 
TITLE Amino acid sequence of human histidine-rich glycoprotein derived 

from the nucleotide sequence of its cDNA 
JOURNAL Biochemistry 25 (8), 2220-2225 (1986) 
MEDLINE 86216149 

PUBMED 3011081 
REMARK SEQUENCE FROM N.A. 
TISSUE=Liver 
REFERENCE 2 (residues 1 to 525) 
AUTHORS Wakabayashi ,S. , Takahash i , K . , Tokunaga,F. and KoideJ. 
TITLE Direct Submission 
JOURNAL Submitted HUL-1997) 
REMARK SEQUENCE FROM N.A. 
REFERENCE 3 (residues 1 to 525) 
AUTHORS Hennis.B.C, Frants,R.R., 
Poort.E.W. , Blonden,L.A. , 
Kluft.C. 

TITLE Evidence for the absence of intron H of the histidine-rich 

glycoprotein (HRG) gene: genetic mapping and in situ localization 
of HRG to chromosome 3q28-q29 
JOURNAL Genomics 19 (1), 195-197 (1994) 
MEDLINE 94245171 
PUBMED 8188234 
REMARK SEQUENCE OF 214-247 FROM N.A. 
REFERENCE 4 (residues 1 to 525) 



Bakker,E., Vossen.R.H. , van der 
Cox.S., Khan, P.M., Spurr,N.K. and 



http://www.ncbi. nlm.nih.gov/entrez/query Jcgi?cmd=Retrieve&db=protein&lis... 3/16/03 



SJCBI Sequence Viewer 



Page 2 of 4 



AUTHORS 



TITLE 
JOURNAL 
MEDLINE 
PUBMED 
REMARK 

COMMENT 



Hughes, G. J., Frutiger.S., Paquet.N., Ravier.F., Pasquali.C, 
Sanchez, J. C. , James, R., Tissot.J.D., Bjel Iqvist.B. and 
Hochstrasser.D.F. 

Plasma protein map: an update by micro-sequencing 
Electrophoresis 13 (9-10), 707-714 (1992) 
93092937 
1459097 

SEQUENCE OF 19-27. 
TISSUE=Plasma 

This SWISS-PROT entry is copyright. It is produced through a 
collaboration between the Swiss Institute of Bioinformat ics and 
the EMBL outstation - the European Bioinformat ics Institute. 
The original entry is available from http://www.expasy.ch/sprot 
and http://www.ebi .ac.uk/sprot 



FEATURES 
source 



gene 



Protein 



Region 



Region 



Region 



Bond 



Site 



Bond 



[FUNCTION] THE PHYSIOLOGICAL FUNCTION IS NOT YET KNOWN. IT BINDS 
HEME, DYES AND DIVALENT METAL IONS. IT CAN INHIBIT ROSETTE 
FORMATION AND IS KNOWN TO INTERACT WITH HEPARIN, THROMBOSPOND I N , 
AND THE LYSINE-BINDING SITE OF PLASMINOGEN. ON THE BASIS OF ITS 
HOMOLOGY W I TH HMW K I N I NOGEN , THE H I S-R I CH REG I ON OF TH I S PROTE I N 
MAY MEDIATE THE CONTACT ACTIVATION PHASE OF INTRINSIC BLOOD 
COAGULATION CASCADE. 
[SUBCELLULAR LOCATION] Secreted. 

[TISSUE SPECIFICITY] Synthesized by liver and secreted in plasma. 
[DOMAIN] IN ADDITION TO HAVING A HIGH HIS AND PRO CONTENT, THIS 
PROTEIN HAS MANY INTERNAL REPEATS. 12 TANDEM REPETITIONS OF A 
5-RES I DUE SEQUENCE (GHHPH, CONSENSUS) FORM A H I ST I D I NE-R I CH REGION. 
[SIMILARITY] CONTAINS 2 CYSTAT I N-L I KE DOMAINS. 

Locat ion/Qual i f iers 

1..525 

/organ ism=" Homo sapiens" 
/db_xref="t axon: 9606" 
1..525 
/gene="HRG" 
1..525 
/gene="HRG" 

/product-'Hist idine-r ich glycoprotein precursor" 
1..18 

/gene="HRG" 
/region_name="Signal " 
19.. 525 

/gene="HRG" 

/region_name="Mature chain" 
/note="HI ST I D I NE-R I CH GLYCOPROTE IN." 
19.. 136 
/gene="HRG" 
/ r eg i on_name=" Doma i n " 
/ no t e= " CYSTAT IN-LIKE 1." 
bond (24, 504) 
/gene="HRG" 

/bond_type="disul f ide" 
/note="BY SIMILARITY." 
63 

/gene="HRG" 

/site_type="glycosylat ion" 
/note="N-L INKED (GLCNAC. . . ) (POTENTIAL)." 
bond(78,89) 
/gene="HRG" 
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/bond_type="disulf ide" 
/note="BY SIMILARITY." 
Site 87 

/gene="HRG" 

/si te_type="glycosylat ion" 
/ no te="N-L INKED (GLCNAC. . . ) (POTENTIAL)." 
Bond bond(105,126) 
/gene="HRG" 

/bond_type="disul f ide" 
/note="BY SIMILARITY." 
Site 125 

/gene="HRG" 

/site_type="glycosylat ion" 

/note="N-L INKED (GLCNAC...) (POTENTIAL)." 
Region 137.. 254 

/gene="HRG" 

/ r eg i on_name= " Doma i n " 

/note="CYSTAT IN-LIKE 2." 
Bond bond(203,417) 

/gene="HRG" 

/bond_type="disul f ide" 
/note="BY SIMILARITY." 
Region 204 

/gene="HRG" 

/ r eg i on_name= " Va r i an t " 

/note="P -> S (IN DBSNP:3181917). /FTId=VAR_014528. " 
Bond bond(218,241) 
/gene="HRG" 

/bond_type="disul f ide" 

/note="BY SIMILARITY." 
Region 276.. 321 

/gene="HRG" 

/ r eg i on_name= " Doma i n " 

/note="PR0-RICH." 
Site 344 

/gene="HRG" 

/si te_type="g I ycosy I at ion" 
/note="N-L INKED (GLCNAC. . . ) (POTENTIAL) . " 
Site 345 

/gene="HRG" 

/si te_type="glycosylat ion" 
/note="N-L INKED (GLCNAC.) (POTENTIAL)." 
Region 350.. 497 

/gene="HRG" 
/region_name=" Domain" 
/note="PR0/HIS-RICH." 

ORIGIN 

1 mkaliaalll itlqyscavs ptdcsavepe aekal dl ink rrrdgylfql Iriadahldr 
61 venttvyylv Idvqesdcsv Isrkywndce ppdsrrpsei vigqckviat rhshesqdlr 
121 vidfncttss vssalantkd spvlidffed teryrkqank alekykeend dfasfrvdri 
181 ervarvrgge gtgyfvdfsv rncprhhfpr hpnvfgfcra dl fydveal d lespknlvin 
241 cevfdpqehe ningvpphlg hpfhwggher ssttkppfkp hgsrdhhhph kphehgpppp 
301 pderdhshgp plpqgpppll pmscsscqha tfgtngaqrh shnnnssdlh phkhhsheqh 
361 phghhphahh phehdthrqh phghhphghh phghhphghh phghhphchd fqdygpcdpp 
421 phnqghcchg hgpppghlrr rgpgkgprpf hcrqigsvyr Ipplrkgevl plpeanfpsf 
481 p I phhkhp I k pdnqpfpqsv sescpgkfks gfpqvsmfft htfpk 
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□ I' Simantov R, Febbraio M, Crombie R, Asch AS, Nachman RL, Silverstein Links 

' rl. 

Histidine-rich glycoprotein inhibits the antiangiogenic effect of 
thrombospondin- 1 . 
J Clin Invest. 2001 Jan;107(l):45-52. 
PMID: 11134179 [PubMed - indexed for MEDLINE] 



2 : Saigo K. Shatsky M, Levitt LL Leung LK. 
Interaction of histidine-rich glycoprotein with human T 
lymphocytes. 

J Biol Chem. 1989 May 15;264(14):8249-53. 
PMID: 2566603 [PubMed - indexed for MEDLINE] 



[j 3: Silverstein RL, Nachman RL, Leung LL, Harpel PC. 

Activation of immobilized plasminogen by tissue activator. 
Multimolecular complex formation. 
J Biol Chem. 1985 Aug 25;260(18):10346-52. 
PMID: 3160707 [PubMed - indexed for MEDLINE] 



Links 



Links 



[J 4: Silverstein RL, Leung LL, Harpel PC, Nachman RL. 

Platelet thrombospondin forms a trimolecular complex with 
plasminogen and histidine-rich glycoprotein. 
J Clin Invest. 1985 Jun;75(6):2065-73. 
PMID: 4008652 [PubMed - indexed for MEDLINE] 
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□ l: J Clin Invest 1984 Jan;73(l):5-12 Links 

Complex formation of platelet thrombospondin with 
histidine-rich glycoprotein. 

Leung LL, Nachman RL, Harpel PC. 

Thrombospondin and histidine-rich glycoprotein are two 
proteins with diverse biological activities which have been 
associated with human platelets and other cell systems. Using 
an enzyme-linked immunosorbent assay, we have 
demonstrated that purified human platelet thrombospondin 
formed a complex with purified human plasma histidine-rich 
glycoprotein. The formation of the thrombospondin-histidine- 
rich glycoprotein complex was specific, concentration 
dependent, and saturable. Significant binding was detected 
when histidine-rich glycoprotein was incubated with 
thrombospondin immobilized on anti-thrombospondin IgG- 
coated plates, indicating that the observed complex formation 
was not due to a thrombospondin interaction with the plastic 
surface. Sucrose-density-gradient ultracentrifugation of a 
mixture of thrombospondin and histidine-rich glycoprotein also 
revealed the formation of fluid-phase complexes, with an 
estimated stoichiometry of 1 thrombospondin: 3.5 histidine-rich 
glycoprotein. Fibrinogen, which has been previously shown to 
bind to absorbed thrombospondin, did not inhibit the formation 
of the thrombospondin-histidine-rich glycoprotein complex. 
Histidine-rich glycoprotein complexed with thrombospondin 
was capable of binding heparin and neutralizing the 
anticoagulant activity of heparin in plasma. Specific complex 
formation between thrombospondin and histidine-rich 
glycoprotein may play a significant role in influencing platelet 
blood vessel wall interactions as well as modulating the 
association of various cells with the extracellular matrix. 
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Histidin -rich glycoprotein inhibits 

th antiangiogenic efFect of thrombospondin-1 

Ronit Simantov, Maria Febbraio, Rene Crombie, Adam S. Asch, Ralph L. Nachman, 
and Roy L. Silverstein 

Division of Hematology-Oncology, Department of Medicine, Weill Medical College of Cornell University, 
New York, New York, USA 

Address correspondence to: Ronit Simantov, Weill Medical College of Cornell University, Room C-606, 1300 York Avenue, 
New York, New York 10021, USA. Phone: (212) 746-2060; Fax: (212) 746-8866; E-mail: rsimant@mail.med.cornell.edu. 

Received for publication December 3, 1999, and accepted in revised form November 14, 2000. 

Angiogenesis is critical for the growth and proliferation of tumors as well as for normal develop- 
ment. We now describe a novel role for histidine-rich glycoprotein (HRGP) in the modulation of 
angiogenesis. HRGP is a plasma protein that circulates in relatively high concentrations (1.5 JlM), 
but has no known function in vivo. We have shown previously that HRGP binds with high affini- 
ty to thrombospondin-1 (TSP-1), a homotrimeric glycoprotein that is a potent inhibitor of angio- 
genesis. The antiangiogenic activity of TSP-1 is mediated by the binding of properdin-like type I 
repeats to the receptor CD36. We found that binding of HRGP to TSP-1 was similarly mediated by 
TSP type I repeats. HRGP colocalized with TSP-1 in the stroma of human breast cancer specimens, 
and this interaction masked the antiangiogenic epitope of TSP-1. In assays performed in vitro of 
endothelial cell migration and tube formation, and in vivo corneal angiogenesis assays, HRGP 
inhibited the antiangiogenic effect of TSP-1. These studies suggest that HRGP can modulate the 
antiangiogenic activity of TSP-1, and identify a potential mechanism of resistance to the antian- 
giogenic effect of TSP-1. 

/. Clin. Invest 107:45-52 (2001). 



Introduction 

Angiogenesis, the development of new blood vessels, 
is necessary for a variety of normal physiologic 
processes as well as for the growth and proliferation 
of tumors. The identification of natural modulators 
of angiogenesis is essential to the understanding of 
this complex process, and may provide attractive tar- 
gets for therapeutic intervention. Histidine-rich gly- 
coprotein (HRGP) is a plasma protein with an unusu- 
ally high histidine and proline content that circulates 
in relatively high concentrations (1.5 |lM), but has no 
known function in vivo (1). Several in vitro interac- 
tions of HRGP have been described, such as binding 
to metals, heparin, and several proteins including 
plasminogen, fibrinogen, and thrombospondin-1 
(TSP-1) (2, 3). Surface-bound HRGP can accelerate 
the activation of plasminogen by tissue plasminogen 
activator, suggesting a role for HRGP in the fibri- 
nolytic system (4). Although there are reports of 
inherited HRGP polymorphisms and elevated HRGP 
levels in families with thromboembolic disease, the 
role of HRGP in thrombosis and fibrinolysis in 
humans has not been determined (5). 

We have shown previously that HRGP binds with 
high affinity to TSP-1 (6), a 450-kDa homotrimeric 
adhesive glycoprotein that is a potent inhibitor of 
angiogenesis (7-9). TSP-1 is secreted by activated 
platelets and a variety of normal vascular cells, 
including endothelial and smooth muscle cells (10), 



and has been shown to inhibit endothelial cell (EC) 
proliferation, migration, and tube formation in 
response to multiple angiogenic stimuli (11). The 
antiangiogenic activity of TSP-1 has been localized to 
the properdin-like type I repeats, and synthetic pep- 
tides derived from the type I domains have been 
found to have potent antiangiogenic activity in vivo 
and in assays of EC function (9). 

Although TSP-1 interacts with a number of distinct 
cellular receptors, CD36 has been recognized as the crit- 
ical angiostatic receptor for TSP-1 (12, 13) .The binding 
of TSP-1 to CD36 is mediated by the peptide sequence 
cysteine-serine-valine-threonine-cysteine-glycine 
(CSVTCG), the same type I repeat shown to have antian- 
giogenic activity (14). We have now explored the struc- 
ture-function relationships that mediate interactions 
between TSP-1 and HRGP, and report that the binding 
of HRGP is localized to the type I repeats, the same 
sequence motifs responsible for CD36 binding. More- 
over, we now report the role of HRGP in inhibiting the 
antiangiogenic activity of TSP-1. 

Methods 

Reagents. Recombinant human bFGF was purchased 
from Research Diagnostics Inc. (Flanders, New Jersey, 
USA). Rabbit Ab to HRGP was kindly supplied by 
Lawrence Leung, Stanford University, Palo Alto, Cal- 
ifornia, USA. TSP-1 was purified from human 
platelet releasate by heparin affinity and anion 
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exchange chromatography on Mono Q-Sepharose 
(Pharmacia Biotech Inc., Piscataway, New Jersey, 
USA) as described (15). Radiolabeling was performed 
with Na 125 I (Amersham Life Sciences Inc., Arlington 
Heights, Illinois, USA) using immobilized chlo- 
ramine T (IodoBeads; Pierce Chemical Co,, Rockford, 
Illinois, USA) as described (16). Fusion proteins (FPs) 
consisting of CD36 and glutathione S-transferase 
(GST) have been described previously (17). Recombi- 
nant TSP peptides were a gift of Jeffrey Laurence 
(Weill Medical College of Cornell University). HRGP 
was purified from human plasma by lys-plasminogen 
affinity chromatography as described (6). Purified 
proteins were incubated with polymyxin B-coated 
agarose (Sigma Chemical Co., St. Louis, Missouri, 
USA) to remove any potentially contaminating LPS 
before use in cellular assays. Specific rabbit Ab to 
CSVTCG was generated by subcutaneous immuniza- 
tion with keyhole limpet hemocyanin-coupled pep- 
tide. IgG was purified from serum by protein A chro- 
matography (Pierce Chemical Co.). Bovine heparin 
was purchased from Sigma Chemical Co. 

Amino acid sequence alignment. Sequence homology 
analysis was performed using BLAST-enhanced align- 
ment utility search (BEAUTY, SIM, ALIGN, and 
LALIGN) via search engines accessed through 
http://dot.imgen.bcm.tmc.edu (18, 19). 

Cell culture. Human dermal microvascular ECs 
(HMVECs) were purchased from Cascade Biologies Inc. 
(Portland, Oregon, USA) and maintained in Medium 
131 with 5% commercial Microvascular Growth Sup- 
plement (MVGS). CD36 expression, which was con- 
firmed by flow cytometric analysis using a murine 
anti-human CD36 mAb (FA6) and a fluorescein-con- 
jugated goat anti-mouse IgG (PharMingen, San Diego, 
California, USA), was maintained through passage 5. 

ELISA was performed as described (6). Briefly, TSP- 
1 (4 H-g/ml) in coating buffer (0.5 M sodium carbon- 
ate, pH 9.6) was applied to microtiter plates (Becton 
Dickinson Immunocytometry Systems, Lincoln Park, 
New Jersey, USA) for 3 hours at 37° C. In some assays, 
plates were coated with murine mAb to TSP clone 
11.4 (15) in carbonate buffer overnight, then washed 
with wash buffer (0.05% Tween in 20 mM Tris, and 
150 mM NaCl, pH 7.5) and incubated with TSP-1 (4 
M-g/ml) for 2 hours (16). Plates were then washed with 
wash buffer (0.05% Tween in 20 mM Tris with 150 
mM NaCl, pH 7.5) and blocked for 1 hour at 37°C 
with 1% BSA in Tris-Tween. Varying amounts of 
HRGP with and without peptide were added, and 
plates were incubated for 18 hours at 4°C. After wash- 
ing, alkaline phosphatase-conjugated anti-HRGP or 
nonimmune rabbit Fab'2 was added. This was incu- 
bated for 3 hours at 37 °C, after which p-nitrophenyl 
phosphate substrate was added and OD was read in a 
microplate reader at 405 nm (Molecular Devices 
Corp., Menlo Park, California, USA). 

Solid-phase binding assays were performed as 
described (16). Briefly, HRGP in carbonate buffer was 
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Figure 1 

The type 1 repeat ofTSP mediates binding to HRGP. Peptides derived 
from the multiple domains ofTSP-1 are shown. Mutated amino acids 
are italicized and type I repeat-derived peptides are in boldface. HRGP 
(1 Ug/ml) binding to TSP-1 immobilized on plastic wells was meas- 
ured by enzyme-linked immunosorbent assay (ELISA) using an alka- 
line phosphatase-conjugated anti-HRGP Ab and p-nitrophenyl phos- 
phate substrate. HRGP binding in the presence of TSP-1 peptides is 
expressed as percent binding in the absence of peptide. 



immobilized on 96-well strips (Immulon 4 Removawell; 
Dynatech Laboratories Inc., Burlington, Massachusetts, 
USA) overnight at 4°C. After blocking with 1% BSA, 
125 I-TSP-1 was incubated in the presence of varying con- 
centrations of CD36 FP in triplicate, and bound 
radioactivity was quantified on a gamma counter. Non- 
specific binding was determined by carrying out bind- 
ing in the presence of excess unlabeled ligand. 

Tube formation assay. Early passage (passage 2 or pas- 
sage 3) HMVECs in 0.2% MVGS were grown on 150 \i\ 
of Matrigel (Becton Dickinson Labware, Bedford, 
Massachusetts, USA) on 48- well plates at 3 x 10 4 cells 
per well. Reagents were added and cells were incubated 
in an atmosphere of 5% CO2 at 37 0 C for 24 hours, then 
photographed. Images were scanned and the number 
of branched structures was counted using Scion Image 
software (Scion Corp., Frederick, Maryland, USA). 

EC chemotaxis assays were performed as described 
using a modified Boyden chamber with 8-jim gelatin- 
coated membranes (20). Briefly, confluent flasks of 
HMVECs were grown in 0.1% MVGS overnight, and 
plated at 3 x 10 4 cells per well on a gelatinized porous 
membrane (Osmonics Inc., Minnetonka, Minnesota, 
USA). Reagents were added to wells, and cells were 
allowed to migrate in an atmosphere of 5% CO2 at 
37° C for 4 hours. Membranes were stained, and the 
number of migrating cells was counted. Results were 
expressed as the percentage of cells migrating toward 
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bFGF (38-137 cells per 10 high-power fields) minus 
the number of cells migrating in the absence of bFGF 
(4-14 cells per 10 high-power fields). 

In vivo Matrigel plug assays were performed as 
described (21). Briefly, 500 |ll of Matrigel mixed with 
bFGF (10 ng/ml), TSP-1 (100 ng/ml), and/or HRGP 
(50 ng/ml) was injected subcutaneously near the 
abdominal midline of C57BL/6 mice. Gels were 
removed after 10 days, fixed in 1% paraformaldehyde, 
and embedded in paraffin. Blocks were then sectioned, 
and stained with hematoxylin and eosin. 

Immunohistochemistry. Immunohistochemistry of 
Matrigel specimens was performed on unstained sec- 
tions using an anti-human von Willebrand factor 
(vWF) IgG (DAKO A/S, Glostrup, Denmark) or iso- 
type-matched control (Sigma Chemical Co.) and a 
biotin-streptavidin-peroxidase Ab and development 
system (Vector Laboratories Inc., Burlingame, Cali- 
fornia, USA) as described (22). Specimens were coun- 
terstained with Mayer's hematoxylin (InnoGenex, 
San Ramon, California, USA). After scanning, the 
degree of angiogenesis was determined by counts of 
vWF-positive blood vessels using Scion Image. For 
breast tissue, frozen sections of freshly obtained 
human breast carcinoma were incubated with rabbit 
Ab to HRGP or CSVTCG, murine mAb to TSP, or iso- 
type-matched controls (Sigma Chemical Co.), and 
developed as above. 

Corneal angiogenesis assays. Pellets composed of hydron 
(Hydro Med Sciences, Cranbury, New Jersey, USA) and 
sucralfate (Teva Pharmaceuticals, North Wales, Penn- 
sylvania, USA) were mixed with proteins or growth fac- 
tors, and were prepared and implanted as described 
(23) into the corneas of wild-type C57BL/6 mice or 
CD36-null mice backcrossed four times to C57BL/6 
mice. After 5 days, eyes were viewed under a dissecting 
microscope and photographed with a Sony DKC-1000 
digital camera. The area of neovascularization was cal- 
culated by measuring vessel length from limb us toward 
the pellet, and the number of clock hours of vascular- 
ization, as described (24, 25). Studies were approved by 
the Institutional Animal Use Committee of Weill Med- 
ical College of Cornell University. 

Results 

The type 1 repeat of TSP-1 mediates binding to HRGP, Pre- 
vious studies have shown that HRGP binds to TSP-1 
saturably, reversibly, and with high affinity (7 nM) (6). 
We performed binding studies in the presence of pep- 
tides derived from the second and third type I repeats, 
regions to which the antiangiogenic activity of TSP-1 
has been localized (26). As shown in Figure 1, HRGP 
binding to TSP-1 was inhibited by the peptide 
CSVTCG, but not by scrambled peptide. A CSVTCG- 
containing peptide from the third type 1 repeat had 
similar inhibitory activity, but mutated peptides with 
substitution of alanine for the cysteine residues in the 
CSVTCG motif did not inhibit HRGP binding to 
TSP-1. Binding studies were repeated using TSP-1 



bound to immobilized anti-TSP Ab with equivalent 
results. As an additional control, we measured the 
binding of plasminogen to TSP-1, and found that 
plasminogen binding was not inhibited by the 
CSVTCG peptide, indicating that this interaction was 
not mediated by the type I repeats. 

As further evidence for the specificity of this binding 
activity, we found that binding of HRGP to TSP-1 was 
not inhibited by peptides derived from the TGF-p 
binding sequence (GGWSHW), heparin-binding 
sequence (SHWSPWSS), the COOH-terminal domain 
(RFYWMWK), or an RGDS peptide derived from the 
type 3 repeats. Recent data has shown that a GVQXR 
motif, located toward the COOH-terminus relative to 
the CSVTCG motif in the type I repeats, with an addi- 
tional similar GVQXR sequence in the procollagen 
domain, binds to CD36 and contains antiangiogenic 
activity (13, 27). In our studies, the peptide DGVTRIR 
from the second type I repeat inhibited TSP-1 -HRGP 
binding, suggesting that HRGP may compete with 




Figure 2 

TSP-1 and HRGP colocalize in stroma of human breast carcinoma. 
Frozen sections of freshly obtained tumor were incubated with mAb 
to TSP-1 (a and b), polyclonal anti-HRCP (c and d), or antiserum 
to CSVTCG (e and f). Slides were developed with a peroxtdase-con- 
jugated avidin-biotin second Ab system. Adjacent sections show 
stromal connective tissue bands (arrows) staining with anti-TSP (a) 
and anti-HRGP (c), but not anti-CSVTCG (x200) (e). Tumor-cell 
staining occurs with anti-TSP (b) and anti-CSVTCG (f) but not with 
anti-HRGP (x500)(d). 
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Figure 3 

HRGP contains CLESH-1 homology motifs. Amino acid sequence alignment of CD36/LIMP-II TSP-binding motifs with homologous 
sequences in HRGP. Results of pattern-based search (BEAUTY) using CD36 exon 5 coding region (CD36 amino acids 95-143) as query iden- 
tified a split CLESH-1 motif in HRGP (amino acids 443-51 7). Optimization of alignments using SIM, ALIGN, and LALIGN programs also 
identified additional repeating motifs (shown, amino acids 173-231 ). Amino acids that are identical in HRGP and either CD36 or LIMP-II 
are highlighted in yellow. Green highlights represent conservative substitutions with basic (KRH), acidic (DE), or charged (KRH, DE) amino 
acids; bold residues represent conserved aromatic (YFW), aliphatic (AG), short-chain (GA, STP), hydrophobic (AGP, IVL, FM), 
polar/hydrophilic (ST, KRH, DNEQ, CWY), nonpolar/branched (IVL), or hydroxyl (STY) amino acids. Gen Bank/ EM BL accession numbers: 
huHRGP, P04196; huCD36, M24795; and huLIMPII, D12676. 



CD36 for binding of both CSVTCG and flanking 
sequence. However^ an alanine-substituted peptide 
derived from the third type I repeat (9), which also con- 
tained the flanking COOH-terminal sequence 
GVQKR, had minimal inhibitory activity, suggesting 
that the cysteine residues in the type I repeat are essen- 
tial for the interaction of TSP-1 with HRGP. 

Although the heparin-binding domain of TSP-1 was 
recently reported to bind polyhistidine motifs (28), we 
found that HRGP binding to TSP-1 was not inhibited 
by the addition of heparin. Studies done at both pH 
7.4 and pH 7.0, at which HRGP optimally binds 
heparin, showed that 90% of maximal binding of 
HRGP to TSP-1 was seen in the presence of 100 jlg/ml 
heparin, corroborating our previous findings (6). As 
further evidence that the TSP-1 -HRGP interaction is 
mediated by the TSP type I repeats, we found that 
binding of radiolabeled HRGP to TSP-1 that had been 
resolved on SDS-PAGE and transferred to nitrocellu- 
lose was significantly decreased in the presence of anti- 
CSVTCG antiserum, and was completely abolished by 
the CSVTCG peptide (50 \lM; not shown). 

TSP-1 and HRGP colocalize in vivo. To determine if 
there is in vivo evidence for TSP-1-HRGP interactions, 
we performed immunohistochemical studies on serial 
sections of human breast cancer specimens. TSP-1 is 
abundantly expressed in breast tissue, particularly in 
the stroma and the basement membrane associated 
with malignant ductal epithelium (6, 29-31). We used 
a murine mAb to TSP-1 and a rabbit polyclonal anti- 
HRGP Ab to determine the localization of TSP-1 and 
HRGP. As shown in Figure 2, both TSP-1 (Figure 2a) 
and HRGP (Figure 2c) were detected in the stromal 
connective tissue. Adjacent epithelial cells expressed 
TSP-1 (Figure 2b); however, HRGP was not detected 
in tracellularly (Figure 2d). 

To explore whether the TSP type 1 repeat is 
involved in TSP-1-HRGP interactions in the breast 
cancer stroma, we developed a specific Ab to the 
CSVTCG peptide. The antiserum was reactive to 
Plasmodium falciparum circumsporozoite protein 
(known to contain the peptide), and to purified 



TSP-1, by Western blot (not shown). Figure 2 shows 
that the CSVTCG epitope was detectable intracellu- 
lar^ in the breast cancer cells where TSP-1 was 
detectable but HRGP was absent (Figure 2f). Howev- 
er, in the tumor stroma where HRGP colocalized with 
TSP-1 (Figure 2e), there was no detectable CSVTCG 
reactivity. This provides evidence that TSP-1 associ- 
ates with HRGP in vivo, and that this interaction 
masks the type I epitope of TSP-1. 

HRGP contains CLESH-1 homology motifs. We have pre- 
viously demonstrated that the binding site for TSP-1 
on CD36 and other proteins is defined by homolo- 
gous, evolutionarily conserved amino acid motifs 
known as CLESH-1 (17, 32, 33). As shown in Figure 3, 
sequence alignments of deduced amino acid sequences 
of HRGP identified a region (amino acids 443-517) 
with significant homology to the CLESH-1 domain of 
CD36 and the CD36-related protein lysosomal inte- 
gral membrane protein II (LIMP-II) (31% identity, 74% 
similarity) (32). Additional repeating motifs were also 
identified, including amino acids 173-231 (20% iden- 
tity, 70% similarity). We predicted, therefore, that a 
CLESH-1 recognition sequence mediates the interac- 
tion of HRGP with TSP-1, and that HRGP can inter- 
fere with the binding of TSP-1 to CD36. 




a GST 

a CD36 FP298-439 
• CD36 FP93-120 
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Figure 4 

TSP-1 binding of HRGP: competition with CD36 FP93-1 20. Binding 
of 125 I-TSP-1 to immobilized HRGP was inhibited in the presence of 
increasing concentrations of CD36 FP93-1 20, which binds to TSP- 
1 , but not in the presence of either GST or CD36 FP298-439, neither 
of which binds to TSP-1. 
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Figure 5 

HRGP inhibits the anti-chemotactic effect ofTSP-1 . EC migration 
toward bFGF was measured using a modified Boyden chamber with 
an 8-(Xm gelatin-coated membrane in the presence and absence of 
TSP-1 (2 nM)and increasing concentrations of HRGP (0-100 nM). 
Data from three separate experiments are expressed as a percentage 
of migration in the presence of bFGF alone. Bars represent SE. 



We next performed solid-phase assays in which we 
measured the binding of radiolabeled TSP-1 to 
HRGP. As shown in Figure 4, 125 I-TSP-1 binding to 
HRGP was inhibited by increasing concentrations of 
CD36 FP93-120, a CD36-GST fusion protein that has 
been shown to bind to TSP-1 (13, 17). Similar con- 
centrations of GST alone or CD36 FP298-439 (neither 
of which binds TSP-1) had no effect. 

HRGP inhibits the antiangiogenic activity of TSP-1. The 
process of angiogenesis requires distinct cellular activ- 
ities, including migration, proliferation, and differ- 
entiation of ECs into capillaries. TSP-1 inhibits EC 
differentiation in response to multiple angiogenic 
stimuli (11). We have shown that the antiangiogenic 
activity of TSP-1 is mediated by interaction of the type 
I TSP repeat with CD36, its high-affinity receptor on 
microvascular ECs (13). Because the type I repeat also 
mediates the interaction of TSP-1 with HRGP, we 
studied the effect of HRGP on angiogenesis. We meas- 
ured migration of CD36-expressing microvascular 
ECs toward bFGF. As shown in Figure 5, the addition 
of TSP-1 inhibited bFGF-induced migration of ECs. 
The addition of HRGP inhibited the antichemo tactic 
effect of TSP-1, restoring migration to a level that was 
70-80% of that seen with bFGF alone. As a model for 
endothelial differentiation, we studied branched tube 
formation in Matrigel. As shown by others (13), we 
found that 2 nM TSP-1 inhibited bFGF-induced 
(2 ng/ml) tube formation by CD36-expressing 
microvascular ECs grown on Matrigel under low 
serum concentrations. The addition of 15 nM HRGP 
restored tube formation to 88 ± 11% of tubes per 
high-power field seen in EC treated with bFGF alone. 
HRGP alone, however, did not directly induce tube 
formation (not shown). 

To explore whether HRGP blocks the antiangiogenic 
activity of TSP-1 in vivo, we performed the corneal 
angiogenesis assay in which hydron/sucralfate pellets 



containing bFGF, TSP-1, and/or HRGP were implant- 
ed in the corneas of C57BL/6 mice. After 5 days, vig- 
orous outgrowth of blood vessels was seen in 13 of 13 
eyes implanted with pellets containing 50 ng bFGF, 
and in only 2 of 1 1 eyes implanted with pellets con- 
taining both bFGF and TSP-1 (200 ng) (Figure 6). In 
mice implanted with pellets containing bFGF, TSP-1, 
and HRGP (100 ng, HRGP/TSP-1 molar ratio 3:1), 
angiogenesis was seen in 10 of 10 eyes (P = 0.02, 
X-square analysis), with an area of neovascularization 
that was 82.5% that seen with bFGF alone (Table 1). 
Similar results were obtained when HRGP was added 
in a pellet separate from bFGF and TSP-1. 

Although HRGP alone did not induce angiogenesis 
in corneal pocket assays, the angiogenic activity of 
bFGF was significantly increased in the presence of 
HRGP. As seen in Figure 7, 50 ng HRGP increased the 
potency of lower concentrations of bFGF, resulting in 
significantly larger areas of neovascularization at 
2.5-10 ng bFGF. Also shown in Figure 7 is the result of 
experiments demonstrating that HRGP did not affect 
sensitivity to low concentrations of bFGF in CD36- 
null mice. In fact, the dose-response curve of bFGF in 
wild- type mice in the presence of HRGP was similar to 
that seen with bFGF alone in the CD36-null mice. 
These observations suggest that the increased sensi- 
tivity to bFGF in the CD36-null mice, and in wild-type 
mice in the presence of HRGP, is due to loss of endoge- 




Figure 6 

HRGP inhibits the antiangiogenic effect of TSP-1 in vivo. 
Hydron/sucralfate pellets containing (a) bFGF (50 ng) (b) bFGF + 
TSP-1 (200 ng) (c) bFGF + TSP-1 + HRGP ( 1 00 ng), or (d) HRGP were 
implanted in the corneas of C57BL/6 mice and photographed after 5 
days. Representative images are shown, (a) Vigorous neovasculariza- 
tion from the limbus toward the pellet (P) induced by bFGF is shown. 
The inhibition of angiogenesis by TSP-1 (b) was blocked by the addi- 
tion of HRGP (c), whereas HRGP alone has no effect (d). Bar, 1 mm. 
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Figure 7 

HRGP abrogates the effect of endogenous TSP in the corneal 
angiogenesis assay. Pellets containing bFCF at various doses with 
and without 50 ng HRGP were implanted into the corneas of 
wild-type C57BL/6 (closed symbols) or CD36-null mice (open 
symbols), and the area of neovascularization was measured after 
5 days. HRGP (filled circles) augmented the dose-dependent 
effect of bFGF (filled squares) in the wild-type mice (P = 0.0004 
by ANOVA). In CD36-null mice, there was an enhanced dose 
response to bFGF (open squares) (P = 0.01 ), but no effect was 
seen with the addition of HRGP (open circles). Results represent 
mean ± SE of six or more replicates. 



nous antiangiogenic activity mediated by TSP-1 or 
TSP-l-like ligands for the antiangiogenic receptor 
CD36. As expected, TSP-1 did not inhibit bFGF- 
induced angiogenesis in the CD36-null mice, con- 
firming our previous findings (12) and providing fur- 
ther evidence that CD36 is necessary for the 
antiangiogenic activity of TSP-1. 

These results were confirmed in an in vivo angio- 
genesis assay in which Matrigel impregnated with 
angiogenic growth factors was injected subcuta- 
neously near the abdominal midline of mice. The 
resulting pellet was removed after 10 days, processed, 
and stained for histologic examination and blood 
vessel counts. As shown in Figure 8, we found that 
TSP-1 inhibited bFGF-induced blood vessel forma- 
tion (14 ± 8% of blood vessels/mm 2 seen with bFGF), 
and that HRGP inhibited the antiangiogenic effect 
of TSP-1 (80 ± 13%). These data demonstrate a phys- 
iologic role for HRGP in the modulation of the 
antiangiogenic activity of TSP-1 in two distinct in 
vivo angiogenesis models. 

Discussion 

The process of angiogenesis requires intricate control 
to allow for normal development and wound healing, 
and may lead to the progression and metastasis of 
tumors. Tumor masses that remain dormant and 
undetectable for years may suddenly acquire the abili- 
ty to promote neovascularization, a process that has 
been termed "angiogenic switch" (34). Studies in 
murine models show that inhibition of angiogenesis 
may lead to regression of large tumor masses, suggest- 
ing that tumor angiogenesis is a dynamic process (35). 



Recent attention has therefore focused on the identi- 
fication and characterization of natural inhibitors of 
angiogenesis and their receptors, which provide attrac- 
tive targets for therapeutic intervention. 

Although several specific inhibitors of angiogenesis 
have been described, many of which have been found 
to be fragments of larger extracellular matrix-associ- 
ated proteins (7, 36), TSP-1 is the only one for which 
a receptor-ligand interaction has been well character- 
ized. The chymotrypsin-resistant core of TSP-1, con- 
sisting of several properdin-like type I repeats, retains 
the antiangiogenic capacity of the intact molecule. 
Synthetic peptides derived from the type I domains 
have also been found to have potent antiangiogenic 
activity in vivo and in assays of EC function. Although 
TSP-1 interacts with a number of proteins, its antian- 
giogenic activity in vitro and in vivo is mediated by the 
glycoprotein receptor CD36 (12, 13). Inhibition of the 
TSP-1-CD36 interaction with a blocking Ab to TSP- 
1 has been shown to lead to more rapid re-endothe- 
lialization in a post-angioplasty setting, a process sim- 
ilar mechanistically to angiogenesis (37). 

Although a number of interactions have been 
reported for HRGP, no in vivo physiologic function 
has been described previously for this abundant plas- 
ma protein. The structure of HRGP is unique, con- 
sisting of a number of discrete domains, including 
two cystatin-like domains at the NH2-terminus, a his- 
tidine-rich region, and two proline-rich domains 
(38) . We have identified two regions in HRGP with 
significant homology to the TSP-1 binding site of 
CD36. These regions, known as CLESH-1 motifs, are 
conserved among members of the CD36 gene family 
and other TSP-1 binding proteins. Our studies show 
that binding of HRGP to TSP-1 was mediated by the 
TSP type I repeats, the same sequence motifs respon- 
sible for antiangiogenic activity and CD36 binding. 
We demonstrated that HRGP inhibited the antian- 
giogenic activity of TSP-1 in vivo, and that HRGP 
augmented response to low doses of bFGF in a 
CD36-dependent manner, suggesting that HRGP 
antagonizes the effect of endogenous TSP-1. 



Table 1 

HRGP reverses the CD36-dependent antiangiogenic activity of 
TSP-1 in a corneal angiogenesis assay 



Mouse 


Pellet Area of neovascularization 


n 






±SE(mm 2 ) 




Wild type 


bFGF 


2.35 ±0.10 


13 




bFGF + TSP-1 


0.51 ±0.21 


11 




bFGF + TSP-1 + HRGP 


1.94 ± 0.1 5 A 


10 




HRGP 


0±0 


4 




HRGP ± TSP-1 


0.010 ±0.009 


4 




bFGF ± HRGP 


2.02 ±0.33 


4 


CD36-null 


bFGF 


2.10 ±0.1 4 


6 




bFGF + TSP-1 


1.92 ±0.32 


8 




bFGF + TSP-1 + HRGP 


2.30 ±0.1 9 


6 




HRGP 


0.02 ± 0.004 


4 




HRGP ± TSP-1 


0.01 ± 0.006 


4 



A P- 0.008. 
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Figure 8 

HRGP inhibits the antiangiogenic effect of TSP-1 in vivo. Matrigel 
injected subcutaneously into the midline of mice, and resulting plugs 
were harvested after 10 days. Plugs were fixed and embedded in 
paraffin. Blocks were then sectioned, stained with hematoxylin and 
eosin, and photographed (x200). Representative images from four 
separate experiments are shown, (a) bFGF; (b) bFGF + TSP-1 ; (c) 
bFGF + TSP-1 + HRGP; (d) HRGP. Insets in a and c show immuno- 
histochemical staining with anti-vWF Ab (x400). 



We therefore propose a model of the inhibition of 
the antiangiogenic effect of TSP-1 by HRGP (Figure 9). 
Interaction of the type I repeats of TSP-1 with the 
CLESH-1 domain of CD36 leads to a cascade of sig- 
naling events mediated by CD36. HRGP can interfere 
with the interaction of TSP-1 with CD36, and may 
therefore be a natural modulator of angiogenesis. The 



activity of HRGP may provide a mechanism by which 
tumors escape or become resistant to the antiangio- 
genic effects of TSP-1. 

Previously described interactions of HRGP support 
the hypothesis that HRGP is an important modula- 
tor of angiogenesis. Because the binding of HRGP to 
heparin is pH dependent and increases at lower pH, 
circulating HRGP may bind to glycosaminoglycans 
in matrix or on the surface of ECs, especially in areas 
of relative hypoxia and low pH. HRGP in the matrix 
may also enhance angiogenesis by increasing fibri- 
nolytic activity. Immobilized HRGP on a metal sub- 
strate (4) or in a trimolecular complex with TSP-1 
and plasminogen accelerates plasminogen activation 
by tissue plasminogen activator. The rate of plasmin 
generation from the trimolecular complex was 
greater than from a bimolecular complex of TSP- 
plasminogen, suggesting an important interaction 
of HRGP with plasminogen when both are com- 
plexed to TSP (39). Therefore, the organization of a 
protein complex in the matrix may play an impor- 
tant role in the regulation of proteolytic activity, and 
HRGP may serve as a natural, circulating mediator 
of the angiogenic switch. 

Angiogenesis is particularly relevant to the patho- 
genesis of breast cancer. The degree of angiogenesis in 
breast cancer specimens has been shown to correlate 
with the rate of metastasis, and the level of angiogen- 
esis in breast cancers has been shown to be an inde- 
pendent prognostic factor (40, 41). Primary human 
breast cancer cells express a number of proangiogenic 
factors such as bFGF and vascular endothelial growth 
factor, and TSP has long been known to be localized 
in the basement membrane and desmoplastic stroma 
of malignant breast epithelium (31). Using immuno- 
histochemical studies of human breast cancer speci- 
mens, we found that HRGP colocalized with TSP-1 in 
the tumor matrix, and that this interaction masked 
the antiangiogenic epitope of TSP-1. Therefore, in 
areas where TSP-1 is an important inhibitor of angio- 
genesis, HRGP could serve as a modulator of TSP-1 
activity, promoting angiogenesis. The biologic impact 
of these interactions may vary in different tumors as 
a consequence of the matrix components. Elucidation 
of these relationships may lead to new modalities of 
anticancer therapy. 



Figure 9 

Model: HRGP inhibits the antiangiogenic effect of 
TSP-1. Angiogenesis induced by bFGF (left) is inhibit- 
ed by TSP-1 through the interaction of the TSP type I 
repeat with the CLESH-1 domain of the signaling 
receptor CD36 (center). HRGP, which also contains 
the CLESH-1 motif, binds TSP-1, inhibiting the inter- 
action of TSP-1 with CD36, thereby inhibiting the 
antiangiogenic effect of TSP-1 (right). 
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